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ABSTRACT

Rambutan seeds (Nephelium lappaceum L.)-based activated carbon (RSAC) was prepared
using potassium hydroxide (KOH) activation and carbon dioxide (CO2) gasification
methods. The adsorbent prepared was characterized using Fourier transform infrared, SEM,
proximate analysis, and BET techniques, respectively. The effects of three variable parame-
ters; activation temperature, activation time, and chemical impregnation ratio (IR) (KOH:
char by weight) on the preparation of RSAC used for the removal of MG dye was investi-
gated. Based on the central composite design, quadratic and two factor interaction (2FI)
models were, respectively, employed to correlate the effect of variable parameters on the
preparation of RSAC used for the percentage MG dye removal and activated carbon yield.
From the analysis of variance, the most influential factor on each experimental design
response was identified. The optimum conditions of MG dye removal by RSAC are: activa-
tion temperature (802˚C), activation time (1.0 h), and IR (2.4), respectively. The percentage
MG dye removal obtained was 91.45% resulting in 22.56% RSAC yield. The percentage error
between predicted and experimental results for the removal of MG dye is 2.4%. The effects
of operational parameters like pH, initial dye concentration, contact time, and solution tem-
perature were investigated using batch method. Graphical correlations of eight different
adsorption isotherm models were carried out. Freundlich isotherm fitted the adsorption
data most. The data were also analyzed by the Lagergren pseudo-first-order, Ho Mc Kay
pseudo-second-order, Elovich and Avrami kinetic models. Pseudo-second-order kinetic
model best represents the kinetic data and the mechanism of adsorption was controlled by
both film and intraparticle diffusions. Thermodynamic studies gave negative ΔG˚ values,
indicating that the process of MG dye adsorption onto RSAC was spontaneous. The positive
values of ΔH˚ and ΔS˚ suggest that the process of dye adsorption was endothermic.
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1. Introduction

Today, many dyes are used in different industries
which discharge large volumes of wastewater. The
wastewater contains large amount of dissolved dye-
stuff and other products. The disposal of dye laden
wastewater is a big challenge; it causes severe harm to
the aquatic environment [1,2]. Some of the dyes pre-
sent in wastewater even decompose into carcinogenic
aromatic amines under anaerobic conditions and cause
serious health problems to human beings as well as
other animals. Dyes have long been used in dyeing,
paper and pulp, textile, plastic, leather, cosmetic, and
food industries. Effluents discharged from these
industries pose certain hazards and environmental
problems. Wastewater from these industries may pre-
sent an eco-toxic hazard and introduce the potential
danger of bioaccumulation, which may eventually
affect human beings [3]. There are various conven-
tional methods of removing dyes from wastewaters.
Among these methods, adsorption is the most versa-
tile and widely used method because of its low cost
and eases of operation [4,5]. A number of agricultural
wastes and by-products of cellulose origin have been
studied for their abilities to remove dyes from aque-
ous solutions [6] such as peanut hulls [7], maize bran
[8], sawdust [9], clay sugar beet pulp [10], crab peel
[11], granular kohlrabi peel [12], raw barley straw [13],
eggshell [14], aquaculture shell powders [15], etc. Acti-
vated carbon is regarded as one of the most effective
materials for the removal of dyes [16] but due to its
high cost and 10–15% loss during regeneration, uncon-
ventional adsorbents like wood [17], silica, [18], clay
and activated clay [19,20], agricultural residues [21],
etc. have attracted the attention of several investiga-
tions for the removal of dyes.

Malachite green is a triphenyl methane dye used
for coloring cotton, wool, silk, paper, leather, etc. It is
also used as parasiticide, fungicide, antiprotozoan,
and antibacterial agent [22]. This dye is recommended
for only external applications, its oral consumption is
toxic, hazardous, and carcinogenic due to presence of
nitrogen [23]. It is known to be highly toxic to mam-
malian cells and acts as a tumor-enhancing agent. It
decreases food intake, growth, and fertility rates,
causes damage to liver, spleen, kidney, and heart,
inflicts lesions on skin, eyes, lungs, and bones. Hence,
it is important to remove it from effluent discharge.
Rambutan (Nephelium lappaceum L.) is a popular tropi-
cal fruit which belongs to Sapindaceae family [24]. In
Malaysia, a rambutan tree may produce approxi-
mately 5,000–6,000 rambutan fruits with total weight
of 60–70 kg. There are products related to rambutan
such as jams, marmalade, spread, jelly, and canned

foods. However, due to the high consumption of
rambutan’s edible part, massive amount of the seed
are disposed, causing severe problem in the commu-
nity as they gradually ferment and release offensive
odors. Therefore, conversion of rambutan seed into
activated carbon would provide a potentially cheap
alternative precursor and reduce the cost of waste
disposal as well [25].

The response surface methodology (RSM) is an
efficient statistical technique for optimization of multi-
ple variables to predict the best performance condi-
tions with minimum number of experiments [17].
Central composite design (CCD) involves the follow-
ing steps: performing the statistically designed experi-
ments according to the design, factors, and levels
selected; estimating the coefficients of the mathemati-
cal model to predict the response and check its
adequacy [18,19].

The aim of the present study is to optimize the
removal of the triphenylmethane dye (MG) using
rambutan seeds. RSM was used to study the effects of
three activated carbon preparation variables (CO2 acti-
vation temperature, CO2 activation time, and impreg-
nation ratio (IR)) on two responses. Empirical models
correlating MG dye removal and the activated carbon
yield with the three variables were then developed.
The RS-based activated carbon prepared under opti-
mum conditions was further characterized to deter-
mine its physical and chemical characteristics. In this
study, rambutan seed-based activated carbon (RSAC)
was prepared by physiochemical activation and tested
for its ability to remove MG dye from aqueous
solution. The equilibrium and kinetic data of the
adsorption process were then analyzed to study the
adsorption isotherms, kinetics, thermodynamics, and
mechanism of MG dye adsorption on RSAC.

2. Materials and methods

2.1. Preparation of activated carbon

2.1.1. Activated carbon preparation

Rambutan seeds (RS) were purchased from a local
market in Parit Buntar area, Perak, Malaysia. The
seeds were cleaned and rinsed thoroughly with dis-
tilled water. It was then dried to constant weight and
stored in an air tight container for further use. 100 g
of rambutan seed was placed in a vertical tubular
reactor. Nitrogen gas was purged into the reactor to
create inert condition. The flow rate of nitrogen gas
and the heating rate were held at 150 cm3/min and
10˚C/min, respectively. The temperature was ramped
from room temperature to 700˚C and held for 1 h.
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Then, the reactor was cooled down to room tempera-
ture. The char produced was stored in air-tight
container for further treatment. The char produced
was then impregnated. The IR was calculated using:

IR ¼ wc

w0
(1)

where wKOH is the dry weight (g) of potassium
hydroxide pellet and wchar is the dry weight (g) of
char. The char and KOH powder (depending on the
IR) were mixed together with deionized water in a
250 ml beaker. The mixture was stirred thoroughly
until it dried in an oven overnight at 105˚C for dehy-
drating purpose. The KOH impregnated char was
placed inside the vertical tubular reactor for activation
process. The system was purged under nitrogen flow
of 150 cm3/min. The temperature was ramped from
ambient temperature to the activation temperature at
heating rate of 10˚C/min. Once the desired activation
temperature was reached, the gas flow was switched
to carbon dioxide at flow rate of 150 cm3/min to com-
plete the activation process. Then, the reactor was
cooled to room temperature under nitrogen flow. The
sample was washed with 0.1 M HCl. It was further
washed with deionized water several times until the
pH of the washing solution reached 6.5–7. The pH
was measured using pH meter (Model Delta 320, Met-
tler Toledo, China). Filter paper and filter funnel were
used in the washing process. The washed sample was
kept in an oven at 105˚C for 12 h. The dried sample
which was the activated carbon (RSAC) was stored in
air-tight containers for further characterization and
adsorption studies. The RSAC yield was calculated
using the equation:

Yield %ð Þ ¼ wKOH

wchar
� 100 (2)

where wc and w0 are the dry weight of RSAC (g) and
the dry weight of precursor (g), respectively.

2.1.2. Adsorbate used

Malachite green (MG) was used as adsorbate to
determine the adsorption performance of the prepared
activated carbon. The properties of MG dye used are
listed in Table 1.

2.1.3. Adsorption studies

For batch adsorption studies, 0.2 g of RSAC were
mixed with 100 ml aqueous dye solution of 100 mg/L

initial concentration in 20 sets of 250-ml Erlenmeyer
flasks. The mixture was agitated at 120 rpm at 30˚C
until equilibrium was reached. The concentration of
MG dye solution was determined using a UV–vis
spectrophotometer (UV-1800 Shimadzu, Japan) at a
maximum wavelength of 618 nm. The percentage dye
removal at equilibrium was calculated using Eq. (3):

Removal %ð Þ ¼ Co � Ce

Co
� 100 (3)

where Co and Ce are the liquid-phase dye concentra-
tions at initial and equilibrium states (mg/L),
respectively.

2.1.4. Experimental design using CCD

A standard RSM design called a CCD was used to
study the parameter for AC preparation. In this work,
three independent variables studied for the AC
preparation are: x1, Activation temperature (˚C), x2,
Activation time (h) and x3, KOH: char IR. The ranges
and the levels of the variables investigated are given
in Table 2. Based on the ranges and the levels given, a
complete design matrix of the experiments was
employed as shown in Table 3. There are 8 factorial
points, 6 axial points and 6 replicates at the center
points, indicated by a total of 20 experiments for each
precursor, as calculated from Eq. (4):

N ¼ 2n þ 2nþ n ¼ 23 þ 2� 3þ 6 ¼ 20 (4)

where N is the total number of experiments required
and n is the number of variables. The center points
were used to verify the reproducibility of the data and
the experimental error. The variables were coded to
the (−1, 1) interval where low and high level were
coded as −1 and +1, respectively. The axial points are
located at (±α, 0, 0), (0, ±α, 0), and (0, 0, ±α) where α is
the distance of the axial point from center and makes
the design rotatable. In this study, α value was fixed
at 1.682 (rotatable). The two responses are MG
removal (Y1) and AC yield (Y2). Each response was
used to develop an empirical model which correlated
the response to the variables using a second-degree
polynomial equation as follow [26]:

Y ¼ bo þ
Xn
i¼1

bixi þ
Xn
i¼1

biixi

 !2

þ
Xn�1

i¼1

Xn
j¼1þ1

bijxixj (5)
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where Y is the predicted response, bo the constant
coefficient, bi the linear coefficients, bij the interaction
coefficients, bii the quadratic coefficients, and xi, xj are
the coded values of the AC preparation variables. The
coefficient with one factor represents the effect of par-
ticular factor, while the coefficient with two factors
and those with second-order terms represent the inter-
action between two factors and quadratic effects. In
order to strike a compromise between the responses,
the function of desirability was applied by using
Design Expert software version 7.1.5 (STAT-EASE Inc.,
Minneapolis, USA). The “Prob. > F” value of less than
0.05 indicates that the model is significant [27]. It is
desirable to indicate the influence of particular model
terms that have significant effects on the response.
Experimental conditions with the highest desirability
were selected to be verified.

2.1.5. Characterization of RSAC

The surface area, pore volume, and average pore
diameter of the RSAC were determined using the

nitrogen adsorption isotherm. The surface area of the
sample was determined using Brunauer–Emmett–
Teller (BET). The surface morphology of the sample
was examined using a scanning electron microscope
(JEOL, JSM-6460 LV, Japan). Proximate analysis was
carried out using thermo gravimetric analyser
(Perkin–Elmer TGA7, USA) and Fourier transform
infrared (FTIR) analysis was performed to determine
the functional groups responsible for the adsorption of
MG dye on RSAC.

2.1.6. Batch equilibrium studies

The effects of initial dye concentration, contact
time, solution temperature, and solution pH on the
adsorption uptake of MG dye on RSAC were studied.
Sample solutions were withdrawn at intervals to
determine the residual concentration by using UV–vis
spectrophotometer at the maximum wavelength of
618 nm. The amount of dye adsorbed at equilibrium,
qe (mg/g) was calculated as:

Table 1
Properties of malachite green dye

Properties

Chemical name 4-[(4-dimethylaminophenyl)-phenyl-methyl]-N,N-dimethyl-aniline
Common name Malachite green hydrochloride
Generic name Basic green 4
CAS number 123333-61-9
Color index number 42,000
Ionization Basic
Maximum wavelength 618 nm
Empirical formula C23H26N2O·HCl
Molecular weight 382.93 g/mol
Chemical structure

Table 2
Independent variables and their coded levels for the CCD

Variables (factors) Code Units

Coded variables level

−α −1 0 +1 +α

Activation temperature x1 ˚C 649 700 775 850 901
Activation time x2 h 0.32 1.00 2.00 3.00 3.68
IR x3 0.15 1.00 2.25 3.50 4.35
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qe ¼ ðCo � CeÞV
W

(6)

where Co and Ce (mg/L) are the liquid-phase concen-
trations at initial and at equilibrium, respectively. V is
the volume of the solution (dm3) and W is the mass
(g) of RSAC used.

2.1.7. Effect of initial adsorbate concentration and
contact time

100 ml of MG dye solution with known initial con-
centration was placed in a series of 250 ml Erlenmeyer
flasks. The amount of adsorbent that was added into
each flask was fixed at 0.1 g. The flasks were placed in
an isothermal water bath shaker (Model Protech,
Malaysia) at constant temperature of 30˚C, with rota-
tion speed of 120 rpm, until equilibrium point was
reached. Samples are withdrawn at intervals to deter-
mine the residual concentration of the dye at 618 nm
wavelength using a UV–vis Spectrophotometer.

2.1.8. Effect of solution temperature

The effect of solution temperature on the
adsorption process was carried out by varying the
adsorption temperature at 30, 45, and 60˚C by adjust-

ing the temperature controller of the water bath
shaker, while other operating parameters such as
adsorbent dosage (0.1 g) and rotation speed (120 rpm)
were kept constant.

2.1.9. Effect of solution pH

Solution pH was studied by varying the initial pH
of solution from 2 to 12. The pH was adjusted by
0.1 M NaOH or 0.1 M HCl and measured by using a
pH meter. The adsorbent dosage, rotation speed,
solution temperature, and initial dye concentration
were fixed at 0.1 g, 120 rpm, 30˚C, and 100 mg/L,
respectively.

2.1.10. Adsorption isotherm studies

This was carried out by fitting the equilibrium data
to Langmuir, Freundlich, Temkin, Dubinin–Radushke-
vich, Sips, Vieth–Sladek, Bruoers–Sotolongo, and
Radke–Prausnite isotherms. The applicability and suit-
ability of the isotherm equations to the equilibrium
data were compared by judging the values of the cor-
relation coefficients, R2 and normalized stamdard
deviation, Δqe. Linear regression was carried out by
using Microsoft Excel spreadsheet with Solver add-in
to determine the isotherm parameters.

Table 3
Experimental design matrixes for RSAC preparation

Run

AC preparation variables

Activation temperature, x1 (˚C) Activation time, x2 (h) IR, x3

1 700(−1) 1.00(−1) 1.00(−1)
2 850(+1) 1.00(−1) 1.00(−1)
3 700(−1) 3.00(+1) 1.00(−1)
4 850(+1) 3.00(+1) 1.00(−1)
5 700(−1) 1.00(−1) 3.50(+1)
6 850(+1) 1.00(−1) 3.50(+1)
7 700(−1) 3.00(+1) 3.50(+1)
8 850(+1) 3.00(+1) 3.50(+1)
9 649(−1.682) 2.00(0) 2.25(0)
10 901(+1.682) 2.00(0) 2.25(0)
11 775(0) 0.32(−1.682) 2.25(0)
12 775(0) 3.68(+1.682) 2.25(0)
13 775(0) 2.00(0) 0.15(−1.682)
14 775(0) 2.00(0) 4.36(+1.682)
15 775(0) 2.00(0) 2.25(0)
16 775(0) 2.00(0) 2.25(0)
17 775(0) 2.00(0) 2.25(0)
18 775(0) 2.00(0) 2.25(0)
19 775(0) 2.00(0) 2.25(0)
20 775(0) 2.00(0) 2.25(0)
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2.1.11. Langmuir isotherm

This model depends on the assumption that inter-
molecular forces decrease rapidly with distance and
consequently help to predict the existence of mono-
layer coverage of the adsorbate on the outer surface of
adsorbent. The linear form of Langmuir isotherm
equation [28] is given by:

Ce

qe
¼ 1

QokL
þ 1

Qo
Ce (7)

where Ce is the equilibrium concentration of the
adsorbate (mg/L), qe is the amount of adsorbate
adsorbed per unit mass of adsorbent (mg/g), Qo is the
maximum monolayer adsorption capacity of the
adsorbent (mg/g), and kL is the Langmuir adsorption
constant related to the free energy of adsorption
(L/mg). The constant values are evaluated from inter-
cept and slope of the linear plot of experimental data
of (Ce/qe) vs. Ce. The essential characteristics of
Langmuir equation can be expressed in terms of
dimensionless separation factor, RL, defined as:

RL ¼ 1

1þ kLCoð Þ (8)

where Co is the highest initial dye concentration
whereas RL value implies the adsorption is unfavor-
able (RL > 1), linear (RL = 1), favorable (0 < RL < 1), or
irreversible (RL = 0).

2.1.12. Freundlich isotherm

The Freundlich model is an empirical equation
based on adsorption of heterogeneous surface or sur-
face supporting sites of varied affinities. It is assumed
that the stronger binding sites are occupied first and
that the binding strength decreases with the increasing
degree of site occupation. The Freundlich isotherm
[29] is expressed as:

log qe ¼ log kF þ 1=nð Þ log Ce (9)

where qe is amount of adsorbate adsorbed per unit
mass of adsorbent (mg/g); kF is Freundlich isotherm
constant (mg/g) (L/mg)1/n); which indicate the rela-
tive adsorption capacity of the adsorbent related to
the bonding energy; Ce is equilibrium concentration of
the adsorbate (mg/L) and nF is the heterogeneity fac-
tor representing the deviation from linearity of
adsorption and is also known as Freundlich coeffi-

cient. If the plot of (log qe) against (log Ce) gave
straight line, it indicates that the Freundlich isotherm
fit the adsorption data. Other constants can be calcu-
lated from the slope (1/n) and intercept (log kF) of the
linear plot of experimental data. The slope of 1/n
ranging between 0 and 1 is a measure of adsorption
intensity, becoming more heterogeneous as its value
gets closer to zero.

2.1.13. Temkin isotherm

Temkin isotherm contains a factor that explicitly
takes into account the adsorbent–adsorbate interac-
tions. This model assumes that the heat of adsorption
of all the molecules in the layer would decrease lin-
early with coverage due to adsorbent–adsorbate inter-
actions. The Temkin model [30] is expressed as:

qe ¼ B ln AT þ B ln Ce (10)

where B is RT/b constant related to the heat of
adsorption (L/mg); qe is amount of adsorbate
adsorbed at equilibrium (mg/g); Ce is equilibrium
concentration of adsorbate (mg/L); T is absolute tem-
perature; R is universal gas constant (8.314 J/mol K)
and AT is equilibrium binding constant (L/mg). A
graph of plot of qe vs. ln Ce will yield both value of
slope, B and intercept, AT.

2.1.14. Dubinin–Radushkevich isotherm

Dubinin–Radushkevich isotherm is an empirical
model initially for the adsorption of subcritical vapors
onto micropore solids following a pore filling mecha-
nism. It is applied to distinguish the physical and
chemical adsorption for removing a molecule from its
location in the sorption space to the infinity, which
can be express as [31]:

qe ¼ qs exp �BDRe
2

� �
(11)

where ε can be correlated:

e ¼ RT ln 1þ 1

Ce

� �
(11a)

E ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
2BDR

p (11b)

where R, T, and Ce represent the gas constant
(8.314 J/mol K), absolute temperature (K), and
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adsorbate equilibrium concentration (mg/L), respec-
tively. The value of BDR was then used to estimate free
energy E of sorption per molecule of the sorbate when
it is transferred to the surface of the solid from infinity
in the solution. A plot of ln qe vs. e2 will yield a straight
line where BDR and qs are obtained from the slope and
intercept.

2.1.15. Sips isotherm

Sips isotherm model is a combined form of
Langmuir and Freundlich expressions deduced for
predicting the heterogeneous adsorption systems and
circumventing the limitation of the rising adsorbate
concentration associated with Freundlich isotherm
model [32]. At high adsorbate concentration, it pre-
dicts monolayer adsorption characteristics of Lang-
muir, while in low adsorbate concentration; it reduces
to Freundlich isotherm. The Sips model expressed as:

qe ¼ qm ksCeð Þms

1þ ksCeð Þms
(12)

where ks is Sips isotherm model constant and ms is
Sip’s isotherm model exponent.

2.1.16. Vieth–Sladek isotherm

The Vieth–Sladek isotherm is given by the
following equation [33]:

qe ¼ kvsCe þ qmBvsCe

1þ BvsCe
(13)

where qe is the adsorbed amount at equilibrium
(mg/g); Ce is the adsorbate equilibrium concentration
(mg/L); qm is maximum adsorption capacity, kvs and
Bvs are Vieth–Sladek constants. The Vieth–Sladek iso-
therm is used for estimating diffusion rates in solid
materials from transient sorption.

2.1.17. Brouers–Sotolongo isotherm

The Brouers–Sotolongo model [34] is expressed as:

qe ¼ qm 1� exp �kBS Ceð ÞaBSð Þð Þ (14)

where kBS and αBS are Brouers–Sotolongo constants.
The exponent is a measure of the width of the sorp-
tion energy distribution and energy heterogeneity of
the sorbent surface.

2.1.18. Radke–Prausnitz isotherm

The Radke–Prausnitz model [35] isotherm can be
represented as:

qe ¼ kRPqmCe

1þ kRPCeð ÞmRP
(15)

where qe is the adsorbed amount at equilibrium
(mg/g), qmRP is the Radke–Prausnitz maximum
adsorption capacity (mg/g), Ce is the adsorbate
equilibrium concentration (mg/L), kRP is the
Radke–Prausnitz equilibrium constant, and mRP is the
Radke–Prausnitz model exponent. Radke–Prausnitz
model will be converted to another model under cer-
tain conditions. At low concentration, if the value of
exponent’s mRP is equal to unity, the model of
Radke–Prausnitz is reduced to the Langmuir model.
While, if liquid phase concentration is high, the model
of Radke–Prausnitz is converted to the Freundlich.

2.2. Batch kinetic studies

This procedure is similar to that of batch equilib-
rium studies. The difference is that the absorbent–ab-
sorbate solution was taken at preset time intervals and
the concentration of the solution was measured. The
amount of adsorption at time t, qt (mg/g), was
calculated using Eq. (16):

qt ¼ Co � Ctð ÞV
W

(16)

where Co and Ct (mg/L) are the liquid-phase concen-
trations of adsorbate at initial and at any time t,
respectively. V is the volume of the solution and W is
the mass of adsorbent used. The adsorption kinetics of
dye on adsorbent was investigated using pseudo-first-
order model, pseudo-second-order model, Avrami,
and Elovich models respectively.

2.2.1. Pseudo-first-order kinetic model

The pseudo-first-order kinetic model equation is
generally expressed as follows [36]:

ln qe � qtð Þ ¼ ln qe � k1t (17)

where qe is the amount of adsorbate adsorbed at equi-
librium, (mg/g), qt is the amount of solute adsorb per
unit weight of adsorbent at time t, (mg/g), k1 is the
rate constant of pseudo-first-order sorption (1/h). A
plot of ln(qe − qt) vs. t gives a straight line with slope
of k1 and intercept of ln qe.
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2.2.2. Pseudo-second-order kinetic model

The pseudo-second-order equation can be
expressed as [37]:

t

qt
¼ 1

k2q2e
þ 1

qe
t (18)

The constant k2 is used to calculate the initial sorption
rate, h, at t = 0, as follows:

h ¼ k2q
2
e (18a)

Thus the rate constant k2, initial adsorption rate h and
predicted qe can be calculated. The linear plot of t/qe
vs. t gives 1/qe as the slope and 1/h as the intercept.

2.2.3. Elovich kinetic model

The simplified Elovich equation is expressed as
[38]:

qt ¼ 1

b
ln abð Þ þ 1

b
ln t (19)

where α is the initial desorption rate (mg/(g min)) and
β is the desorption constant (g/mg) during the experi-
ment. Plot of qt vs. ln t gave a linear relationship with
slope of 1/β and an intercept of (1/β) ln(αβ). The 1/β
value reflects the number of sites available for adsorp-
tion whereas the value of 1/β ln(αβ) indicates the
adsorption quantity when ln t equal to zero.

2.2.4. Avrami kinetic model

The Avrami equation is used to verify specific
changes of kinetic parameters as functions of tempera-
ture and reaction time. It is also an adaptation of
kinetic thermal decomposition modeling [39].

The Avrami kinetic model is expressed as:

ln � ln 1� að Þð Þ ¼ n ln kAV þ n ln t (20)

where α is the adsorption fraction at time t, kAV is the
adjusted kinetic constant, and nAV is another constant,
which is related to the adsorption mechanism. n value
can be used to verify possible interactions of the
adsorption mechanism in relation to the contact time
and the temperature.

2.2.5. Validity of kinetic model

The applicability and fitting of the isotherm equa-
tion to the kinetic data was compared by judging from

the R2 values and the normalized standard deviation
Δqt (%) calculated from Eq. (21). The normalized stan-
dard deviation, Δqt (%) was used to verify the kinetic
models used to describe the adsorption process. It is
expressed as:

Dqt %ð Þ ¼
100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
T qexp � qcal
� �

=qexp
� �2q
n� 1

(21)

where n is the number of data points, qexp and qcal
(mg/g) are the experimental and calculated adsorp-
tion capacity values. Lower value of Δqt indicates
good fit between experimental and calculated data.

2.3. Adsorption thermodynamics

The experimental data obtained from batch
adsorption studies performed earlier were analyzed
by using the thermodynamic equations as expressed
by Eq. (22):

DG ¼ �RT ln kL (22)

ln k ¼ DS
R

� DH
RT

(22a)

ΔG was calculated using Eq. (22). The values of ΔH
and ΔS can be obtained, respectively, from the slope
and intercept of Van’t Hoff plot of ln kL vs. 1/T
(Eq. (22a)). Values of kL may be calculated from the
relation ln qe/Ce at different solution temperatures.
Arrhenius equation has been applied to evaluate the
activation energy of adsorption representing the mini-
mum energy that reactants must have for the reaction
to proceed, as shown by the following relationship:

ln k2 ¼ ln A� Ea

RT
(22c)

where k2 is the rate constant obtained from the
pseudo-second-order kinetic model, (g/mg h), Ea is
the Arrhenius activation energy of adsorption,
(kJ/mol), A is the Arrhenius factor, R is the universal
gas constant (8.314 J/mol K), and T is the absolute
temperature. When ln k2 is plotted against 1/T, a
straight line with slope of −Ea/R is obtained.

2.4. Adsorption mechanism

The adsorption mechanisms of MG dye on the
adsorbent were investigated using intraparticle diffu-
sion model represented by Eq. (23). The applicability
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and fitting of the model throws more light into the
mechanism of MG dye adsorption onto RSAC
prepared.

2.4.1. Intraparticle diffusion model

Intraparticle diffusion model [40] is expressed as
shown in Eq. (23):

qt ¼ kpit
1=2 (23)

where Ci is the intercept and kpi (mg/g h1/2) is the intra-
particle diffusion rate constant, which can be evaluated
from the slope of the linear plot of qt vs. t

1/2. The qt is
the amount of solute adsorbed per unit weight of
adsorbent per time, (mg/g), and t1=2 is the half
adsorption time, (g/h mg). The intercept of the plot
reflects the boundary layer effect. The larger the inter-
cept, the greater the contribution of the surface sorption
in the rate-controlling step. If the regression of qt vs. t

1=2

is linear, and passes through the origin, then intraparti-
cle diffusion is the sole rate-limiting step. If the linear
plots at each concentration did not pass through the ori-
gin, it indicates that the intraparticle diffusion was not
only rate controlling step [41].

3. Results and discussion

3.1. Model fitting and statistical analysis

Design Expert Software version 7.1.5.1 (STAT-
EASE Inc., Minneapolis, US) was used to analyze the
experimental data.

3.2. Development of regression model equation

In this study, we selected CCD for the optimiza-
tion of MG dye removal by RSAC. The three signifi-
cant variables can be approximated by the quadratic
model equation which is shown below. As suggested
by the software, dye removal response (Y1), and car-
bon yield (Y2), the quadratic and 2FI models were
selected. The R2 values for Eqs. (24) and (25) were,
respectively, 0.9900 and 0.8949 as shown in Figs. 1
and 2. The R2 value shows good agreement between
experimental and predicted data as shown in Figs. 1
and 2 with the model prediction suggested in Eqs.
(24) and (25). R2 value closer to unity indicates the
suitability of the model equation. In fact, a smaller
standard deviation indicated closeness of predicted
value to the experimental value for the response. The
empirical formula models in terms of coded factors
are represented as:

Y1 ¼ 91:11þ 4:52x1 þ 0:63x2 þ 6:09x3�0:63x21 � 1:19x22
� 0:26x23 � 3:56x1x2 � 1:00x1x3 � 3:92x2x3

(24)

Y2 ¼ 21:34� 1:54x1 � 1:25x2 � 1:17x3 � 0:12x1x2
� 0:004x1x3 þ 0:55x2x3 (25)

3.3. Preparation of RSAC using design of experiment

The complete design matrix for preparation vari-
ables of RSAC and responses are given in Table 4.
Three variables studied were; activation temperature
(x1), activation time (x2), and KOH/char IR (x3) with
two responses; MG dye removal (Y1) and RSAC yield
(Y2). MG dye removal was found to range from 69.89
to 92.54%, whereas the RSAC yield obtained ranged
from 16.73 to 26.82% (Table 4). The analysis of vari-
ance (ANOVA) was carried out to determine the ade-
quacy of the model developed. Tables 5 and 6 show
the ANOVA analysis for MG dye removal by RSAC,
as well as RSAC yield. From Table 5, the model
F-value of 110.33 and Prob. > F of less than 0.0001
indicated that the model was significant. The value of
model terms Prob. > F less than 0.05 indicates that the
model terms are significant. For MG dye adsorption,
x1, x3, x21, x22, x23, and x1x3 were found significant,
whereas x2, x1x3 and x2x3 were insignificant model
terms to the response. Table 6 shows the 2FI model of
RSAC yield. The model F-value of 18.45 with Prob. > F
of 0.0001 indicates that RSAC yield model was signifi-
cant. For RSAC yield, x1, x2, x3, and x1x2 were signifi-
cant models term whereas x1x3, and x2x3 were
insignificant to the responses within variables studied.

3.4. Percentage MG dye removal

With reference to Table 5, IR was found to be the
most influential factor on MG dye removal followed
by activation temperature as shown by high F-value.

Fig. 1. Predicted vs. experimental MG removal of RSAC.
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Fig. 3 illustrates the combined effect of activation tem-
perature (x1) and IR (x3), while the activation time (x2)
was kept at zero level (2 h). This plot of activation
temperature and IR was chosen due to the interaction
of x1x3 that gives the highest F-value of 9.61 with
Prob. > F is 0.0112, compared to other combination of
variables (Table 5). The Prob. > F value less than 0.05
indicate that the combination of two variables selected
have strong interaction with each other. MG dye
removal increased with increase in activation tempera-
ture and IR. From Fig. 3, the maximum MG dye
removal was achieved at activation temperature rang-
ing between 750 and 830˚C and IR ranging between 2
and 3.0. Similar observation was obtained by Xin-hui

and co-workers. They found out that the activation
temperature and IR play important roles in the prepa-
ration of AC from Jatropha hull [42]. High activation
temperature was needed for pore development and
intercalation of potassium metal to the carbon material
during activation. However, excessive temperature
could reduce the surface area and thus decrease the
dye adsorption. The possible reason is that when the
surface area of AC prepared reaches the maximum
value, further increase in both activation time and
temperature resulted in excess activation leading to
the collapse of some pore structures; this consequently
leads to decrease in surface area. In addition, exces-
sive amount of impregnating agent can demolish the
pore structure formed. A similar observation was
reported during the preparation of AC by microwave
heating and KOH activation [43].

3.5. RSAC yield

The three variables studied gave significant effects
on RSAC yield as shown in Table 6. Fig. 4 shows the
effect of activation temperature and activation time on
the RSAC yield, while IR fixed at zero level
(IR = 2.25). Meanwhile, Fig. 5 shows the effect of acti-
vation temperature and IR on the same response, with

Fig. 2. Predicted vs. experimental RSAC yield.

Table 4
Matrix for RSAC preparation variables and responses

Run Level

RSAC preparation variables

MG removal,
Y1 (%)

RSAC yield,
Y2 (%)

Activation temperature,
x1 (˚C)

Activation time,
x2 (h) IR, x3

1 −1 −1 −1 700.00 1.00 1.00 70.42 25.78
2 +1 −1 −1 850.00 1.00 1.00 81.22 23.30
3 −1 +1 −1 700.00 3.00 1.00 72.65 24.88
4 +1 +1 −1 850.00 3.00 1.00 82.12 17.20
5 −1 −1 +1 700.00 1.00 3.50 85.32 23.23
6 +1 −1 +1 850.00 1.00 3.50 92.54 21.21
7 −1 +1 +1 700.00 3.00 3.50 87.68 22.56
8 +1 +1 +1 850.00 3.00 3.50 91.19 16.73
9 −1.682 0 0 648.87 2.00 2.25 71.57 23.69
10 1.682 0 0 901.13 2.00 2.25 89.83 19.15
11 0 −1.682 0 775.00 0.32 2.25 86.61 25.43
12 0 1.682 0 775.00 3.68 2.25 89.27 18.78
13 0 0 −1.682 775.00 2.00 0.15 69.89 26.82
14 0 0 1.682 775.00 2.00 4.35 89.43 19.91
15 0 0 0 775.00 2.00 2.25 91.29 21.38
16 0 0 0 775.00 2.00 2.25 90.96 21.25
17 0 0 0 775.00 2.00 2.25 90.62 21.89
18 0 0 0 775.00 2.00 2.25 91.73 21.37
19 0 0 0 775.00 2.00 2.25 90.82 21.07
20 0 0 0 775.00 2.00 2.25 91.38 21.19
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activation time fixed at zero level (t = 2 h). RSAC yield
was found to decrease with increase in activation tem-
perature, activation time, and IR. The highest RSAC
yield was obtained when all variables were at mini-
mum point. The weight loss was due to the process of
pyrolysis which promotes pore development and new
pore creation. High temperature had caused a reduc-

tion in RSAC yield due to occurrence of elimination
and dehydration reactions [44]. This result was in
agreement with the work reported in the preparation
of waste tea AC for Methylene blue dye removal [45].
It also agreed with the studies carried out on prepara-
tion of highly porous carbon from fire wood by KOH
etching and CO2 gasification for the adsorption of
dyes and phenols from water [46].

3.6. Optimization of operating parameters

The objective of the experimental design was to
find the optimum preparation conditions so that the
high AC’s yield with high dye removal can be
achieved. However, these responses have different
interest regions on the factors. As the dye removal
increases, the AC yield decreases and vice versa.
Hence, two optimum operating conditions must be
determined. Table 7 shows the model validation of
RSAC for MG dye removal, and AC yield. Optimized
parameters were selected based on higher desirability.
Optimum condition selected was verified experimen-
tally. Design Expert Software version 7.1.5 (STAT-
EASE Inc., Minneapolis, USA) was used to optimize
the parameters where the targets were set at maxi-
mum values, while the values of variables were set in

Table 5
ANOVA analysis for MG dye removal for RSAC

Source Sum of squares Degree of freedom (DF) Mean square F-value Prob. > F

Model 1,175.16 9 130.57 110.33 <0.0001
x1 278.84 1 278.84 235.60 <0.0001
x2 5.43 1 5.43 4.59 0.0578
x3 506.65 1 506.65 428.09 <0.0001
x21 182.14 1 182.14 153.90 <0.0001
x22 14.28 1 14.28 12.06 0.0060
x23 221.76 1 221.76 187.38 <0.0001
x1x2 3.18 1 3.18 2.68 0.1325
x1x3 11.38 1 11.38 9.61 0.0112
x2x3 0.56 1 0.56 0.47 0.5065

Table 6
ANOVA analysis for RSAC yield

Source Sum of squares Degree of freedom (DF) Mean square F-value Prob. > F

Model 125.84 6 20.97 18.45 <0.0001
x1 48.16 1 48.16 42.37 <0.0001
x2 39.87 1 39.87 35.08 <0.0001
x3 26.58 1 26.58 23.38 0.0003
x1x2 10.15 1 10.15 8.93 0.0105
x1x3 0.67 1 0.67 0.59 0.4573
x2x3 0.43 1 0.43 0.38 0.5501

Fig. 3. Response surface plot of MG dye removal of RSAC
(effect of activation temperature and IR, activation
time = 2 h).
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range being studied. Table 7 shows model validation
for MG dye removal by RSAC. The adsorbent was
prepared at optimum conditions. The predicted and
experimental values for the two responses for the acti-
vated carbon prepared are also presented in the same
Table. The optimum conditions of MG dye removal by
RSAC are; 802˚C, 1.0 h, and 2.4, respectively. The MG
dye percent removal obtained is 91.45%. It also
resulted in 22.56% RSAC yield.

Model desirability approaching unity and with low
error value portray the applicability of model towards
the responses. From Table 7, relatively small errors
less than 3% between the predicted and the actual
value was observed, which indicated that the model is
suitable and sufficient to predict the responses. The
optimized RSAC prepared was further characterized
to determine its physical and chemical characteristics.

Fig. 4. Response surface plot of RSAC yield (effect of
activation temperature and activation time, IR = 2.25).

Fig. 5. Response surface plot of RSAC yield (effect of
activation temperature and IR, activation time = 2 h).
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3.7. Characterization of prepared adsorbent

3.7.1. Pore characteristics and surface area

The pore characteristics of RSAC are given in
Table 8. The surface area of the prepared adsorbent
increases significantly. RSAC has a relatively high
BET surface area of 865.14 m2/g and the total pore
volume of 0.443 cm3/g. The high BET surface area
and total pore volume were due to the activation pro-
cess used, which involved both chemical and physical
activating agents. It was activated with KOH and sub-
sequently gasified with CO2. Diffusion of KOH and
CO2 molecules into the adsorbent resulted in KOH-
carbon and CO2-carbon reactions which facilitated the
development of more pores on the surface of RSAC.
The average pore diameter of RSAC is 5.82 nm. It
belongs to the marcopore region according to IUPAC
classification [47]. The significant increase in surface
area was attributed to intercalation of potassium metal
from intermediate reaction of KOH with carbon [48].

3.7.2. Surface morphology (SEM)

SEM was used to characterize the surface morphol-
ogy of the adsorbent as shown in Fig. 6. No pore was
detected on RS whereas large pores were clearly seen
on the surface of the RSAC. The well-developed pores
resulted in larger surface area and more porous
structure of the RSAC; this further enhanced the
adsorption process [49]. RSAC has heterogeneous pore

distribution. High activation temperature and KOH
used for impregnation were believed to be responsible
for the pore development in RSAC. The C-KOH reac-
tion rate was increased during the activation process,
which resulted in higher carbon “burn-off” and poros-
ity on the adsorbent. The C-KOH reaction also
increased the porosity of the existing pore as well as
creating new pores [50]. Besides, the physiochemical
treatment was able to produce porous RSAC thus
increasing the surface area that will enhance its
adsorption capacity.

3.7.3. Surface chemistry

FTIR analysis for RS, RS char, and RSAC are
shown in Table 9 and also illustrated in Fig. 7. The
spectra revealed that various functional groups are
detected on the surface of adsorbent prepared. Table 9
shows presence of O–H stretching of hydroxyl group

Table 8
Pore characteristics and surface area of the samples

Sample
BET surface area
(m2/g)

Mesopore surface area
(m2/g)

Total pore volume
(cm3/g)

Average pore diameter
(nm)

RS raw 2.08 – – –
RS char 75.93 57.82 0.110 5.68
RSAC 865.14 540.07 0.443 5.82

Table 9
FTIR spectrum band for RS, RS char, and RSAC

Assignments

Band positions (cm−1)

RS raw RS char RSAC

O–H stretching of hydroxyl group 3,865–3,734 3,876–3,741 3,892
C≡C stretching of alkyne group 2,341 2,426–2,212 2,422
C=O stretching of lactones, ketones, and carboxylic anhydrides 1,735 1,739
C=C stretching of aromatic ring 1,525 1,523 1,523
C–N stretching of amines 1,242 1,242
C–O groups stretching in ester, ether or phenol group 987 981 983
–C≡C–H–C–H bend in functional group 713–551 732 740

Table 10
Proximate analysis of adsorbents prepared

Sample

Proximate analysis (%)

Moisture Volatile Fixed carbon Ash

RS 8.80 67.39 19.56 4.25
RS char 3.56 26.45 66.18 3.81
RSAC 2.44 18.23 75.74 3.59
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Fig. 6. SEM micrographs of (a) RS (3,000×) and (b) RSAC (3,000×).

Fig. 7. FTIR spectra of (a) RS, (b) RS char, and (c) RSAC.
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Fig. 7. (Continued).
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as major peaks around 3,865–3,734 cm−1, and
3,982 cm−1 in RS and RSAC, respectively. The peaks at
1,735 and 1,242 cm−1 in RS vanished from RSAC, indi-
cating disappearance of both oxygen and amine group
functionalities. In fact, most functional groups reduced
after the activation process. Other major peaks
detected are C≡C stretching of alkyne group at
2,422–2,341 cm−1, C=C stretching of aromatic ring at
1,525–1,523 cm−1 and C–O groups stretching in ester,
ether or phenol groups at 1,739–1,735 cm−1, respec-
tively. From the FTIR spectra, the surface chemistry of
the char and RSAC was different from their precursor
as many of the functional groups reduced while others
disappeared due to the thermal degradation [51].

3.7.4. Proximate analysis

Table 10 reports the proximate analysis of the raw,
char, and activated carbon prepared. RS were found
to be rich in moisture and volatile matter. The mois-
ture and volatile matter decreased from precursor to
RSAC. The high temperature during carbonization

Fig. 8. Plot of MG dye adsorption uptake against
adsorption time at various initial concentrations at 30˚C.

Fig. 9. Effect of pH on percentage MG dye removal.
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and activation processes caused a reduction in both
the volatile matter and moisture content. However,
the fixed carbon increased sharply from raw material
to RSAC prepared. This was due to the heat supplied
during carbonization process which initiates thermal
degradation process. The volatile substance becomes
unstable at high temperature; their bonds are broken
leading to volatilization [52].

3.8. Batch adsorption studies

3.8.1. Effect of initial dye concentration

For effective dye adsorption, the initial dye concen-
tration is an important factor. In Fig. 8, adsorption
capacities (mg/g) are plotted against different initial
dye concentrations. From the figure, the adsorption
capacity of RSAC increased with increase in initial
dye concentration up to a certain level, after which the
process is almost saturated. The adsorption of MG
dye was quite rapid at the initial stage, the
equilibrium time for dye adsorption at concentrations
(25–200 mg/L) was 6 h. The adsorption was then
gradual with increase in contact time. After 22 h of
contact, no obvious variation in MG dye adsorbed
was noticed for concentrations (400–500 mg/L). The
equilibrium time for these concentrations is 22 h. The
increase in MG dye uptake capacity can be explained
by the fact that increasing concentration gradient of
dye provides an increasing driving force to overcome
all mass transfer resistance of the dye molecule
between the aqueous and solid phase, leading to an
increased equilibrium uptake capacity until saturation
is achieved. On the contrary, the percentage removal
of dye decreases with increase in initial dye
concentration. This can be explained by the fact that

all adsorbents have a limited number of active sites
and porous channel, which becomes saturated at a
certain dye concentration. A similar trend has been
reported in the adsorptive removal of malachite green
using banana stalk based activated carbon [53].

3.8.2. Effect of solution pH on MG dye adsorption

The pH of solution is an important monitoring
parameter in dye adsorption, as it affects the surface
charge of the adsorbent material and the degree of
ionization of the dye molecule. It is also directly
related with competition ability of hydrogen ions with
the adsorbate molecules to the active sites on the
adsorbent surface. In Fig. 9, the percentage removal of
MG dye from aqueous solution is plotted against dif-
ferent pH of solution. From Fig. 9, it is depicted that
the percentage of MG dye removed by RSAC increase
with the increase in pH of the dye solution, apprecia-
bly up to pH 8.0 corresponding to 96.7%. Further
increase in pH leads to a reduction in the amount of
dye adsorbed. This trend may be explained as fol-
lows; at low pH values, protonation of the functional
groups present on the adsorbent surface easily takes
place. The surface of the adsorbent becomes positively
charged, since the dye is positively charged, a
decrease in adsorption took place as a result of elec-
trostatic repulsion. However, as the pH of the dye
solution increases, a considerable increase in dye
binding capacity is observed due to strong electro-
static attraction between negatively charged sites on
the adsorbent and the positively charged MG dye
cations. Similar trend was observed in the batch
removal of crystal violet from aqueous solution by
H2SO4 modified sugar cane Bagasse and the adsorp-
tive removal of MG dye using coconut shell-based
activated carbon [54,55].

3.8.3. Effect of solution temperature

Temperature has a pronounced effect on the
adsorption process since a change in temperature pro-
motes changes in the equilibrium capacity of the adsor-
bent [56]. Therefore, the effect of solution temperature
on dye removal was studied by varying the solution
temperature from 30 to 60˚C. The adsorption capacity,
qt increased with the increased in temperature suggest-
ing that the adsorption was an endothermic process
(Fig. 10). Increasing the temperature is known to
increase the mobility or the rate of diffusion of the
adsorbate molecules across the external boundary layer
and in the internal pores of the adsorbent particle. At
higher temperatures, chemical interaction between

Fig. 10. Effect of solution temperature on MG dye
adsorption unto RSAC.

M.A. Ahmad et al. / Desalination and Water Treatment 57 (2016) 21487–21511 21503



adsorbate and adsorbent increases resulting in creating
higher affinity between the active sites and the adsor-
bates [57]. In addition, changing the temperature will
alter the equilibrium capacity of the adsorbent for a
particular adsorbate. Ahmad and Alrozi also reported
a similar trend for the adsorption of reactive dye by

mangosteen peel [44]. This may be a result of increase
in the mobility of the dye with increasing temperature
whereby an increase in number of molecules will also
acquire sufficient energy to undergo an interaction
with active sites at the surface [58]. Besides, chemical
interaction between the adsorbate and surface

Fig. 11. Plots of (a) Langmuir, (b) Freundlich, (c) Temkin, (d) Sip, (e) Radke–Prausnitz, (f) Vieth–Sladek,
(g) Brouers–Sotolongo, and (h) Dubinin Radushkevic isotherms for MG dye adsorption onto RSAC.
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functionalities of adsorbent might also contributed to
the increase in adsorption capacity.

3.9. Adsorption isotherm

The adsorption isotherm signifies the amount of
molecules distributed between the liquid phase and
the solid phase when the adsorption process reaches
equilibrium state. In this study, the adsorption iso-
therms studied were Langmuir, Freundlich, Temkin,
Sips, Radke–Prausnitz (RP), Vieth–Sladek (VS),
Brouers–Sotolongo (BS), and Dubinin–Radushkevich
(DR) isotherm models. The linearized forms of all
these equations were applied to fit the equilibrium
data. The R2 values from each isotherm model were
compared to fit the adsorption data whereby the clo-
ser the R2 to unity, the better the fit. Fig. 11 shows the
plot of the linearized isotherm equations for MG dye
removal at temperature 30, 45, and 60˚C for RSAC.

Table 11 summarizes the constants obtained for the
adsorption of MG dye onto RSAC at 30˚C.

Based on the R2 values in Table 11, the adsorption
isotherm fitted the data in the order of
Freundlich > Langmuir > Temkin > D–R > B–S > V–S >
R–P > Sips for RSAC. For adsorption of MG dye at the
three temperatures studied, Freundlich isotherm fitted
most (R2 > 0.985) with the data which indicates that a
multilayer sorption took place at heterogeneous sur-
face of the adsorbent. The Freundlich isotherm model
applies to adsorption on heterogeneous surfaces with
interaction between adsorbed molecules. From the
table, the nF value for RSAC was greater than 1, indi-
cating that the adsorption is favorable [59]. kF is one
of the Freundlich constants which measure the
adsorption capacity of the adsorbent. From Table 11,
the high kF value obtained represents the amount of
dye adsorbed onto RSAC per unit equilibrium
concentration. kF value was calculated as 23.55 mg/g
(L/mg)1/n. The monolayer adsorption capacity, qm is
341.37 mg/g. The Dubinin–Radushkevich (D–R) iso-
therm model was used to characterize the porosity
and the apparent adsorption free energy. If the free
energy, E obtained ranged between 8 and 16 kJ/mol,
it is a chemisorption adsorption process; if the E value
is below 8 kJ/mol, it is a physisorption adsorption
process [31]. From Table 11, E value is 5.38 kJ/mol
representing physisorption process.

The essential characteristics of Langmuir equation
can be expressed in terms of dimensionless separation
factor, RL where the parameter RL implies the nature
of the adsorption process. Fig. 12 shows the plot of
the RL vs. the MG initial dye concentration for adsorp-
tion of MG dye onto RSAC at 30˚C. Similar plots were
obtained for adsorption systems at 45 and 60˚C
(Fig. 13). From the figure, RL values obtained for the
adsorption of MG dye ranged between 0 and 1,
showing that the adsorption is favorable. Increasing
the concentration from 25 to 500 mg/L demonstrated
a gradually decrease of RL, indicating that sorption
process was also favorable at high initial dye
concentration.

3.10. Batch kinetic studies

Four kinetic models were applied to study the
kinetics of the adsorption process and also to
determine the diffusion mechanism of the adsorption
system. They are: pseudo-first-order, pseudo-second-
order, Elovich and Avrami models. Fig. 14(a)–(d)
shows the linearized plots of pseudo-first-order
kinetic, pseudo-second-order kinetic, Elovich, and
Avrami model for MG dye adsorption onto RSAC at

Fig. 12. Plots of separation factor, RL vs. MG dye initial
concentration for adsorption of MG dye onto RSAC at
30˚C.

Fig. 13. Plots of ln kL vs. 1/T for adsorption of MG dye
onto RSAC.
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30˚C for various initial dye concentration. Similar plots
are obtained for the adsorption process at 45 and 60˚C
(Fig. 13).

Pseudo-second-order kinetic model fits the data
most when compared to other models. In fact, as can
be seen from the figure, the experimental data for
adsorption of MG dye were not correlated well by the
pseudo-first-order kinetic model compared to the
pseudo-second-order kinetic model. All the experi-
mental and calculated qe values, together with the
constants, R2 and Δqt values obtained from the
pseudo-first-order, pseudo-second-order, Elvoich and
Avrami model for adsorption onto RSAC at 30˚C, are
reported in Table 12. From Table 12, it can be seen
that most of the R2 values obtained from the pseudo-
second-order model were close to unity and the high-
est among all models, showing that the adsorption of
MG dye onto RSAC fitted most to this model at all

initial concentrations. Besides, pseudo-second-order
was found to have lowest Δqt compared to other mod-
els. The R2 values obtained for the pseudo-first-order
model did not show a consistent trend which resulted
in quite large Δqt. This result indicates that the adsorp-
tion of MG dye onto RSAC does not follow the
pseudo-first-order model.

In fact, there was a consistent trend in the k2 val-
ues obtained for MG dye adsorption, the rate constant
was found to decrease as the initial dye concentration
increased which indicate that dye with lower initial
concentration reached equilibrium faster than higher
concentration. The reason for this behavior can be
attributed to the lower competition for the adsorbent
surface sites at lower concentration. At higher concen-
trations, the competition for the surface active sites
will be high and consequently lower adsorption rates
obtained [60]. Meanwhile, Elovich and Avrami kinetic

Fig. 14. Linearized plots of (a) pseudo-first-order, (b) pseudo-second-order, (c) Elovich, and (d) Avrami kinetic model for
MG dye adsorption onto RSAC at 30˚C.
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models seem to be insufficient to describe MG dye
adsorption due to the low R2 values obtained. This
indicates that there are more than one mechanism
involved in the adsorption process. Pseudo-second-
order kinetic model fitted the adsorption data most
due to high values of R2 (closer to unity) and low Δqt
values (indicating good agreement between calculated
and experimental qe values). Similar results were
obtained by other researchers using different
adsorbents; bamboo-based AC [27,61] and mangosteen
peel [44].

3.11. Adsorption thermodynamic studies

Fig. 15 shows the plot of ln kL vs. 1/T for adsorp-
tion of MG dye unto RSAC at temperatures 30, 45 and
60˚C respectively. Meanwhile, Fig. 16 illustrates the
plot of ln k2 vs. 1/T for adsorption of MG dye unto
RSAC. From these plots, the minimum energy that
reactants must have for the reaction to proceed, Ea

value was obtained. The figure gave linear lines hav-
ing negative slopes thus giving positive activation
energy value. Table 13 shows calculated values of
ΔH˚, ΔS˚, and ΔG˚ for the adsorption process at differ-
ent temperatures. From Table 13, it can be seen that
the results are consistent with the results obtained ear-
lier on the effects of solution temperature on the
adsorption process where the adsorption capacity
increased with increase in temperature from 30 to
60˚C. From Table 13, the ΔH˚ value obtained is less
80 kJ/mol, suggesting that the adsorption process fol-
lows physisorption mechanism. Similarly, the positive
value of ΔH˚ indicates the endothermic nature of the
process. Diffusion rate of adsorbate molecules across
the external boundary layers and internal pores of
adsorbent increased as temperature increases confirm-
ing an endothermic adsorption process [59]. Generally
Ea for chemisorption is in the range of 80–400 kJ/mol,
while for physisorption it is 1–40 kJ/mol. The Ea value
is less than 40 kJ/mol indicating that the adsorption of
MG dye onto RSAC follows physisorption mechanism

Table 12
Kinetic model constant parameters for adsorption of MG dye onto RSAC at 30˚C

Model Kinetic parameters

Initial MG dye concentration (mg/L)

25 50 100 200 300 400 500

Qe,exp (mg/g) 23.58 46.66 89.77 164.83 219.60 278.70 307.76
Pseudo-first-order k1 (min−1) 0.541 0.417 0.404 0.335 0.414 0.404 0.466

Qe,cal (mg/g) 20.14 33.43 73.43 116.99 170.78 258.08 314.16
R2 0.994 0.877 0.987 0.811 0.862 0.977 0.994
Δqt (%) 14.58 28.34 18.22 29.02 22.23 7.39 2.07

Pseudo-second-order k2 (min−1) 0.033 0.030 0.011 0.008 0.003 0.001 0.001
Qe,cal (mg/g) 26.49 45.02 86.78 150.17 238.35 391.71 529.49
R2 0.997 0.991 0.993 0.961 0.929 0.980 0.998
Δqt (%) 2.32 3.50 3.33 8.89 8.53 4.54 2.04

Elovich α (mg/g/min) 5.504 4.284 1.0783 0.770 0.469 0.141 0.106
β (g/mg) 3.975 7.277 15.433 27.597 37.971 55.953 63.830
R2 0.941 0.950 0.981 0.952 0.910 0.970 0.958
Δqt (%) 2.60 5.47 17.65 10.37 11.26 6.16 5.14

Avrami kAV (min−1) 0.0085 0.008 0.0067 0.0080 0.0067 0.0059 0.0194
nAV 0.534 0.453 0.515 0.553 0.529 0.761 0.733
R2 0.743 0.731 0.782 0.736 0.746 0.797 0.818

Fig. 15. Plots of ln k2 vs. 1/T for adsorption of MG dye
onto RSAC.
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[62]. In this study, the ΔS˚ value obtained for MG
adsorption is positive. This is the normal consequence
of the physical adsorption phenomenon, which takes
place through electrostatic interactions. ΔG˚ values
obtained for the adsorption process are negative and
low (<20 kJ/mol). Low ΔG˚ value connotes a
physisorption mechanism [57].

3.12. Adsorption mechanism

Fig. 16 shows the intraparticle diffusion plot for
the adsorption of MG dye onto RSAC at 30˚C for vari-
ous initial dye concentrations. Similar trends were
observed for the adsorption process at 45 and 60˚C
(Fig. 13). From the figure, the plot has three different
regions; (i) a sharper region completed within the first
30 min (0.5 h) was the instantaneous adsorption where
the mass transfer of dye molecules from the bulk solu-
tion to the adsorbent surface occurred [63], (ii) gradual
adsorption stage, where the intraparticle diffusion was
the rate limiting step, (iii) the final equilibrium stage
where intraparticle diffusion started to slow down
due to the extremely low adsorbate concentration in
the bulk solution [51]. The values of the intraparticle
diffusion model constants (kp and C) obtained for the
three regions from the plot of qt vs. t

1/2 are presented
in Table 14. As can be seen from the table, the kp val-
ues (kp1 and kp2) for the three regions increased as the

initial concentration increases. Increase in the initial
dye concentration owing to the increase in the driving
force (concentration gradient) results in increasing dye
diffusion rate [64]. In addition, constant C was found
to increase with increase in initial concentration which
indicated that the internal mass transfer was due to
the increase in boundary layer thickness. From Fig. 16,
the linear lines of the second and third stages did not
pass through the origin. It means that intraparticle dif-
fusion was not the only rate limiting mechanism in
the adsorption process.

The kinetic data were further analyzed using the
Boyd model [65] to distinguish between film diffusion
and particle internal diffusion of adsorbate molecules
in order to identify the slowest step in the adsorption
process [66]. If the plot of BT vs. time t is a straight
line passing through the origin, then the adsorption
rate is governed by particle diffusion mechanism,
otherwise it is governed by film diffusion mechanism.
Fig. 17 illustrates the Boyd plot (BT vs. t) for adsorp-
tion of MG dye unto RSAC at 30˚C. According to
Senthilkumar, the slowest step in the adsorption pro-
cess was the internal diffusion if the plot was linear
and passes through the origin [66]. As can be seen
from the figure, the linear lines at all initial concentra-
tions did not pass through the origin, indicating that
the adsorption process is mainly governed by external
mass transfer or film-diffusion-controlled mechanism.

Fig. 16. Plots of intraparticle diffusion model for MG dye adsorption onto RSAC at 30˚C.

Table 13
Thermodynamic parameters for adsorption of MG dye unto RSAC

Activated carbon ΔH˚ (kJ/mol) ΔS˚ (kJ/mol) Ea (kJ/mol)

−ΔG˚ (kJ/mol)

303 K 318 K 333 K

RSAC 17.78 30.46 16.07 8.44 8.33 7.50
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This was due to the differences in the rate of mass
transfer in the first and second stages by external mass
transfer (film diffusion) where the particle diffusion
was the rate limiting step. The first stage of adsorption
is attributed to the diffusion in the macropore and the
second stage to micropore diffusion.

4. Conclusion

The results obtained in this study clearly showed
the potential of RSAC as an effective adsorbent for the
removal of MG dye from aqueous solutions. RSM was
successfully applied to determine the optimum condi-
tions for maximum percentage MG dye removal and
RSAC yield. The optimum conditions of MG removal
by RSAC are; 802˚C, 1.0 h and 2.4, respectively. The
MG dye percent removal obtained is 91.45%. It also
resulted in 22.56% RSAC yield. The model employed
provided good quality of prediction for the above
variables in terms of effective dye removal and a good
correlation coefficient, R2 = 0.977 was obtained.

RSAC was successfully prepared and used as
adsorbent for the removal of MG dye from an aque-
ous solution. RSAC has a relatively high BET surface
area of 865.14 m2/g and a total pore volume of
0.443 cm3/g comparable to expensive commercially
activated carbon. The maximum uptake of MG dye
occurred at pH 8.0. The adsorption of dye was highly
dependent on the initial dye concentration, contact
time, and pH of solution.
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